Abstract. BIX01294 (Bix) is known to be a euchromatic histone-lysine N-methyltransferase 2 inhibitor and treatment with Bix suppresses cancer cell survival and proliferation. In the present study, it was observed that sequential treatment with low-dose Bix notably increases glioblastoma cell migration and metastasis. It was demonstrated that U251 cells sequentially treated with low-dose Bix exhibited induced characteristic changes in critical epithelial-mesenchymal transition (EMT) markers, including E-cadherin, N-cadherin, β-catenin and zinc finger protein SNAI2. Notably, sequential treatment with Bix also increased the expression of cancer stem cell-associated markers, including sex determining region Y-box 2, octamer-binding transcription factor 4 and cluster of differentiation 133. Neurosphere formation was significantly enhanced in cells sequentially treated with Bix, compared with control cells (control: P=0.011; single treatment of Bix, P=0.045). The results of the present study suggest that accumulation of low-dose Bix enhanced the migration and metastatic potential of glioblastoma cells by regulating EMT-associated gene expression, which may be the cause of the altered properties of glioblastoma stem cells.
Introduction
Glioblastoma is the most common and malignant type of brain tumor in humans, accounting for 50-60% of gliomas and 20% of all intracranial tumors (1) . Traditionally, the optimal treatment strategy for glioblastoma treatment was surgical resection (2) . However, due to their highly infiltrative and invasive growth pattern, as well as the existence of multifocal and subclinical lesions, it is difficult to totally eradicate such tumors by surgical resection (2) . Concomitant chemotherapy and adjuvant radiotherapy have been used conventionally in the treatment of glioblastoma patients, but the median survival time of these patients remains low (3). One of the major factors contributing to the failures of chemotherapy is the highly infiltrative nature of glioblastoma in normal brain tissue (4) . Invasion and metastasis are defining properties of cancer malignancy (5) . Due to high invasiveness and metastasis, glioblastoma cells frequently invade the surrounding normal brain tissue, leading to an indistinct boundary between normal brain tissue and glioma tissue (6) .
The epithelial-mesenchymal transition (EMT) is a critical cellular process required in normal organogenesis and cellular responses to stress, inflammation and hypoxia. Cancer cells also make use of the mechanisms involved in EMT to undergo invasion and metastasis. The biological processes of EMT include enhanced migratory capacity and invasiveness, elevated resistance to apoptosis, and greatly increased production of extracellular matrix (7) (8) (9) . EMT is modulated by the repression of E-cadherin, and upregulation of mesenchymal markers, including N-cadherin, β-catenin and zinc finger protein SNAI2 (Slug) (10) (11) (12) . Furthermore, transition to a mesenchymal gene expression pattern is associated with the simultaneous acquisition of cancer stem cell-like properties (13) (14) (15) .
BIX01294 (Bix; a diazepin-quinazolinamine derivate) is a euchromatic histone-lysine N-methyltransferase 2 (G9a) inhibitor, and it has been reported that treatment with Bix efficiently blocks cell proliferation and induces autophagy-associated cell death (16, 17) . However, the effect of persistent low-dose Bix treatment on glioblastoma cell migration and metastasis remains to be elucidated. In the present study, it was shown that sequential treatment with low-dose Bix significantly enhances in vitro U251 cell migration, invasion and EMT-associated gene expression. Consistent with the in vitro results, following nude mouse experimentation, Bix-treated cells formed larger and more numerous lung tumor metastasis nodules in vivo.
Furthermore, neurosphere formation was increased in U251 cells multi-treated with low-dose Bix when compared with untreated and single-treated cells. The results of the present study suggest that characteristic changes were exhibited in the glioma cells exposed to continuous treatment with low-dose Bix.
Materials and methods
Cell and culture conditions. Human glioblastoma cell line U251 was purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in Dulbecco's Modified Eagle Medium (Welgene, Daegu, South Korea) supplemented with 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) and 5% antibiotic-antimycotic (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells were cultured at 37˚C in a humidified atmosphere of 5% CO 2 .
Drug treatment. Stock solutions of 10 mM Bix (Tocris Bioscience, Bristol, UK) were dissolved in dimethyl sulfoxide (DMSO) and diluted in culture medium to 1, 2, 5 and 10 µM for cell treatment. For a single treatment of Bix (SBT), the cells were incubated at 37˚C overnight, and subsequently treated with 1, 2, 5 and 10 µM for 1 day (24 h). For the sequential treatment of Bix (SeBT), the cells were incubated at 37˚C overnight, and treated with 1 µM Bix. Bix and medium was replaced every 2 days for 2 weeks.
Cell proliferation assay. Cell proliferation was assessed using the methyl thiazolyl tetrazolium (MTT) colorimetric assay. U251 cells (2x10 5 cells/well) were seeded in 6-well plates and incubated at 37˚C overnight. Following 24 h of incubation, the medium was removed and replaced with the experimental medium. Cells were treated with 1, 2, 5 and 10 µM of Bix for SBT or 1 µM of Bix for SeBT. Subsequently, cells were washed twice with phosphate-buffered saline (PBS), and 5 mg/ml MTT diluted in PBS was added to each well for a total of 4 h. Following removal of the MTT solution, solubilization solution (DMSO/ethanol, 1:1 ratio) was added to each well to dissolve the formazan crystals. The absorbance at 570 nm was measured using a Paradigm™ Detection Platform (Beckman Coulter, Inc., Brea, CA, USA) and analyzed using Multimode Analysis Software version 3.3.0.9 (Beckman Coulter, Inc.).
Chromatin isolation by small-scale biochemical fractionation. Chromatin was isolated from the nuclei of U251 cells. Briefly, 5x10 6 cells were harvested and washed with PBS. The pellet was resuspended in buffer A [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol and protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA)] with 0.1% Triton X-100. Following an 8-min incubation on ice, nuclei (fraction P1) were collected by centrifugation (1,300 x g for 5 min at 4˚C). The P1 nuclei were washed once with buffer A and lysed in buffer B [3 mM ethylenediaminetetraacetic acid, 0.2 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid, 1 mM dithiothreitol and protease inhibitor cocktail (Roche Diagnostics)] for 30 min. Following lysis, the insoluble chromatin (fraction P2) and soluble fractions were separated by centrifugation (1,700 x g for 5 min at 4˚C). The insoluble P2 fraction was washed once with buffer B and re-suspended in sodium dodecyl sulfate (SDS)-Laemmli buffer and boiled for 10 min. Subsequently, the chromatin samples were quantified by Coomassie Brilliant Blue staining.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. RT-qPCR was performed using the SYBR-Green method (18) . Total RNA was isolated using the RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA). The quantity of RNA was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.), and 1 µg of RNA was reverse-transcribed using the iScript™ cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The reaction was performed at 25˚C for 5 min, 42˚C for 30 min and terminated by heating at 85˚C for 5 min. RT-qPCR was performed using a C1000™ thermal cycler (Bio-Rad Laboratories, Inc.,) with the Maxima™ SYBR™ Green qPCR master mix (Thermo Fisher Scientific, Inc.). PCR amplification was performed at 94˚C for 5 min, followed by 40 cycles of 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec. β-actin was used as an internal control (19) . Western blot analysis. Cells were harvested by trypsinization and washed twice with PBS. Subsequently, cell pellets were collected by centrifugation (2,500 x g for 5 min at 4˚C) and then lysed by lysis buffer [150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1% NP40, 5 mM EDTA, 10 mM NAF, 1 mM Na 3 VO 4 , 1 mM DTT and 1X PIC]. The protein concentrations were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc.). Cell extracts were boiled in SDS sample buffer (0.5 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 0.1% bromophenol blue and 10% β-mercaptoethanol) and 20 µg of protein was loaded onto 4-15% Mini-Protean TGX™ precast gels (Bio-Rad Laboratories, Inc.) and underwent electrophoresis, followed by transferral to a polyvinylidene difluoride membrane (GE Healthcare Life Sciences, Chalfont, UK). The membranes were blocked with 5% skim milk (BD Biosciences, San Jose, CA, USA) at room temperature for 30 min, and incubated overnight at 4˚C with the primary antibodies. On the following day, the membranes were washed with TBS-T (20 mM Tris, 137 mM NaCl, pH 7.6, 0.2% Tween 20) for 10 min, 3 times each, and incubated with the secondary antibody at 37˚C for 1 h: goat-anti-rabbit horseradish-peroxidase conjugated antibody (dilution, 1:5,000; catalog no., ab6721, Invitrogen; Thermo Fisher Scientific, Inc.) or rabbit-anti-mouse horseradish-peroxidase conjugated antibody (dilution 1:5,000; catalog no., ab97046, Invitrogen; Thermo Fisher Scientific, Inc.). The immunoreactive proteins were detected using enhanced chemiluminescence (Thermo Fisher Scientific, Inc.). Immunoblots were quantified using the Fusion FX5 system (Vilber Lourmat, Marne, France Migration and invasion assays. Cell migration and invasion assays were performed using Transwell ® chambers (8-µm pore size; Corning Life Sciences, Lowell, MA, USA). A total of 2x10 4 cells were resuspended in 0.2 ml of serum-free growth medium for both the cell migration and invasion assays. For the migration assay, the cells were added to the interior of the inserts. Growth medium (0.8 ml) supplemented with 10% (v/v) FBS was added to the lower chamber. Following 24 h incubation at 37˚C, the cells attached to the upper surface of the filter were removed using a cotton swab, and migratory cells on the lower surface of the filter were fixed and stained for 15 min with 0.25% crystal violet (Merck Millipore), 10% formaldehyde, and 80% methanol. Subsequently, the inserts were washed 5 times with double-distilled H 2 O and photographed (magnification, x200). Migrated cells were determined by counting cells in 5 microscopic fields (randomly selected) per well and the extent of migration was expressed as the mean number of cells per microscopic field (20) . Cells were imaged using phase contrast microscopy (Nikon Eclipse 80i; Nikon Corporation). For the invasion assay, cells were added to the interior of the inserts pre-coated with 10 mg/ml growth factor-reduced Matrigel™ (BD Biosciences). Growth medium (0.8 ml) supplemented with 10% (v/v) FBS was added to the lower chamber. Following 24 h incubation at 37˚C, the inserts were processed as described above for the migration assay.
Sphere formation assay. U251 cells were suspended at a density of 5,000 cells/well in complete NeuroCult™ NS-A Basal media (Stemcell Technologies, Inc., Vancouver, BC, Canada) and plated in triplicate wells on a 24-well ultra-low attachment culture plate (Corning Life Sciences). Cells were incubated at 37˚C for 7-10 days. The number of spheres was imaged using inverted microscopy (Nikon Eclipse TS 100, Nikon Corporation) and sphere diameters were determined using Image-Pro Plus version 7.0 software (Media Cybernetics, Rockville, MD, USA).
In vivo experiments. Female 6-week-old nude BALB/c mice were obtained from Japan SLC., Inc. (Hamamatsu, Japan), and were raised under following conditions (temperature, 22±2˚C; humidity, 50±10%; access to food, ad libitum; light/dark cycle, 12/12 h). All animal protocols used in this study were approved by the Institutional Animal Care and Use Committee at Dongnam Institute of Radiological & Medical Sciences (DIRAMS; Busan, Republic of Korea). Female BALB/c nude mice (average weight, 22 g; n=27) were randomly divided into three groups (control, SBT and SeBT). Control-or single/sequential-Bix treated U251 cells (2x10 6 cells) were inoculated intravenously into BALB/c nude mice. After 4 weeks, the mice were sacrificed using anesthesia and exsanguination, and lungs were corrected by dissection.
Statistical analysis. All statistical analyses were performed using Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA). Student's t-test was used for statistical comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Sequential treatment with Bix does not affect cell viability in human U251 glioblastoma cells.
Bix has been reported to have antiproliferative effects in various types of cancer cell (16, 17) . Therefore it was initially examined whether Bix treatment inhibited the proliferation of U251 glioblastoma cells. U251 cells were prepared according to the experimental scheme shown in Fig. 1A . Subsequently, viability of cells was assessed by the MTT assay. When cells were treated with 1, 2, 5 and 10 µM Bix, the viability of U251 cells decreased in a dose-dependent manner (P=0.143, P=0.001, P=0.002 and P=0.001, respectively) (Fig. 1B) . To investigate whether accumulation of non-lethal doses of Bix led to changes in cell survival rates, U251 cells were exposed to sequential low-dose (1 µM) Bix treatment. Notably, U251 cell viability was unaffected by multiple low-dose treatments of Bix (Fig. 1B) . As Bix has been observed to attenuate G9a activity (17) , the effect of Bix on H3K9 dimethylation levels was initially examined. The results revealed that the single treatment of Bix decreased the levels of H3K9 demethylation, whereas sequential treatment of Bix had no such effect (Fig. 1C) . Expression levels of apoptosis-and autophagy-associated proteins were also measured by western blot analysis following treatment with various concentrations of Bix. The results of the present study demonstrated that a single treatment with 10 µM Bix in U251 cells induced PARP1 and caspase-3 cleavage, whereas the cleavage of PARP1 and caspase-3 was not stimulated with sequential treatment with 1 µM Bix (Fig. 1C) . LC3B is widely used as a biomarker of autophagy, during which, LC3B-I is converted to LC3B-II through lipidation by a ubiquitin-like system that allows LC3B to become associated with autophagic vesicles (21) . Similar to PARP1, the conversion of LC3B-I to LC3B-II was only induced with high doses of Bix (5 and 10 µM), and not with the sequential treatment of low-dose Bix (Fig. 1C) . These results indicate that accumulation of low doses of Bix does not influence U251 cell proliferation and apoptosis.
Sequential treatment with low-dose Bix enhances migration and invasion of U251 cells.
Subsequently, the effect of sequential treatment with low-dose Bix (1 µM) on the migration and invasion capability of U251 glioblastoma cells was investigated. As presented in Fig. 2A and B, SBT cells exhibited an approximately 3-fold increase in the number of migratory cells (P=0.011), compared with untreated control cells, whereas SeBT cells showed an approximately 12-fold increase (P=0.044). Similarly, SeBT cells exhibited a 2.5-fold increase in the number of invasive U251 cells, compared with control cells (P=0.001) ( Fig. 2A and B) . As the ability to invade and migrate is correlated with EMT capacity (22) , the expression levels of EMT-associated factors such as E-cadherin, N-cadherin, Slug and β-catenin were evaluated by RT-qPCR (Fig. 2C ) and western blotting (Fig. 2D ) in SBT and SeBT cells. The expression of E-cadherin was demonstrably decreased following SeBT, compared with the control (P=0.008) and SBT (P=0.002), whereas the expression of N-cadherin and β-catenin was significantly increased following SeBT compared with the control (N-cadherin, P<0.001; β-catenin, P<0.001) and SBT (N-cadherin, P=0.004; β-catenin, P=0.007). In the case of Slug, the expression was marginally increased by SeBT, compared with the control (Fig. 2C and D) . The results of the present study suggest that accumulation of low-dose Bix induces invasion and migration, as well as EMT, in U251 cells.
Sequential treatment with Bix enhances U251 cell pulmonary metastasis in vivo.
To investigate the impact of sequential treatment with Bix on U251 cell metastasis, a pulmonary metastasis experiment was performed. A total of 2x10 6 control, SBT or SeBT U251 cells were intravenously injected into nude BALB/c mice. After 4 weeks, the mice were sacrificed as described in the materials and methods section, and lung tissues were visualized (Fig. 3A, left panel) . The results showed that the mice injected with SeBT cells had larger sized nodules in lung tissue, compared with mice injected with control (P=0.013) or SBT (P=0.022) cells. Furthermore, the largest number of metastatic lung nodules was observed in mice injected with SeBT cells (Fig. 3A, right  panel) . Induced nodule formation by sequential treatment with Bix was also observed in tissue sections (Fig. 3B) . The results of the present study support the idea that accumulation of low-dose Bix enhances the ability of U251 cells to migrate and metastasize.
Sequential treatment with Bix increases the expression of cancer stem cell markers and neurosphere formation.
CD133 is a critical marker of self-renewal in glioblastoma cells and its expression has been implicated in tumorigenic potential, as well as metastatic ability (23) . KLF4, SOX2 and OCT4 also have essential roles in stem cell biology (23) . To investigate whether the SeBT-induced metastatic potential of U251 cells has any correlation with stem cell-like properties, the expression of these markers was identified using RT-qPCR (Fig. 4A) . The expression of CD133, SOX2 and OCT4 was significantly upregulated in SeBT cells, compared with the control (P=0.001, P=0.002 and P=0.001, respectively) and SBT (P=0.021, P=0.096 and P=0.015, respectively) cells. By contrast, the expression of transcription factor KLF4 was decreased in SeBT cells, when compared with control (P=0.003) and SBT (P=0.009) cells (Fig. 4A) . Similar patterns were observed in western blot analysis (Fig. 4B ). These data demonstrate that SeBT of cancer cells may induce cancer stem cell expansion. As glioma stem cells have been reported to form neurospheres at an increased efficiency compared with differentiated cells, the present study sought to determine the effect of SeBT cells on sphere formation, as this may be an indicator of a cancer stem cell-like phenotype. Control, SBT or SeBT cells were seeded on 24-well low adhesion plates at a density of 5,000 cells per well, and after 1 week, spheres were visualized (Fig. 4C) . It was demonstrated that SeBT cells formed a greater number of spheres, compared with control (P=0.011) and SBT (P=0.045) cells. In addition, SeBT cells formed larger spheres, compared with control and SBT cells. The results of the present study suggest that prolonged exposure to low-dose Bix induces metastatic potential and self-renewal in U251 cells.
Discussion
Glioblastoma is characterized by rapid cell proliferation, as well as high invasion and migration properties (24) . The median survival time of glioblastoma is 6-14 months; in addition to this, a 2-year survival rate is observed in only 10% of patients and 5-year survival is observed in <5% (25) . Previously, advanced chemotherapy and adjuvant radiotherapy have been used to treat glioblastoma patients, but the response is generally unfavorable and the toxic chemotherapy and radiotherapy frequently produce serious adverse side effects (26) . The primary cause of treatment failure is invasion and metastasis of glioblastoma into normal brain tissues (4) .
In the present study, it was demonstrated that accumulation of low-dose Bix induces the migratory and invasive phenotype in U251 glioblastoma cells. The results of the present study revealed that Bix inhibited proliferation and induced apoptosis in U251 cells in a dose-dependent manner.
However, multiple treatments of low-dose Bix did not influence cell survival or apoptosis. Although accumulation of damage by sequential treatment with non-lethal doses of Bix was not able to change the cell proliferation rate, SeBT cells exhibited an increased migratory and invasive phenotype compared with control or SBT cells. EMT is a critical event in the development of invasive and metastatic potential in cancer progression (6) . EMT is known to be initiated through the regulation of the Wnt/β-catenin, transforming growth factor-β, Smad, Notch and Hedgehog signaling pathways (22, 27, 28) . This complex signaling network begins with the cleavage of E-cadherin, which causes adherent junction breakdown and an indirect increase in the expression of transcription factors, including Slug and β-catenin. The repression of the epithelial gene E-cadherin indirectly leads to an increase in the expression of N-cadherin and other mesenchymal genes (29) . It was also demonstrated that enhanced migratory and invasive ability, which is exhibited by SeBT cells, was accompanied by downregulation of E-cadherin, and upregulation of N-cadherin and β-catenin. This indicated that the EMT process is involved in the induced migration and invasion of SeBT cells. Notably, the mRNA expression level of Slug was not markedly altered between SBT and SeBT cells. However, the protein level of Slug was upregulated in SeBT cells. Futhermore, these gene expression changes were not directly induced by the Bix-mediated inhibition of G9a, as H3K9 dimethylation levels were not correspondingly altered. The results of the present study suggest that there may be another regulatory mechanism of Bix, leading to EMT stimulation. In order to confirm this phenomenon in vivo, treated U251cells were injected into nude mice via the tail vein. The results revealed that SeBT cell-injected mice had more and larger nodules compared with control and SBT cell-injected mice. Expansion of cancer stem cells also enhances the invasive and metastatic potential of cancer cells (28) . Cancer stem cells are tumor-initiating cells found in the bulk of tumors, that possess the ability to self-renew, divide and differentiate into multiple cell lineages. They are able to initiate the formation of a new tumor, leading to tumor recurrence and metastasis following removal of the primary tumor (30).
The interplay between EMT and stemness signature has become increasingly relevant to the field of cancer research. Multiple studies have revealed that cancer stem cell properties may contribute to tumor heterogeneity, maintenance, metastasis, radioresistance and chemoresistance in a various types of cancer (28, 31) . Such cells have the capacity to give rise to whole tumors due to two fundamental properties: The ability to self-renew, and the ability to differentiate into multiple cell types (32) . Critical genes for self-renewal and pluripotency in human embryonic stem cells, including KLF4, SOX2 and OCT4, are likewise elevated in cancer stem cells (33) . In addition, the surface glycoprotein CD133 has been identified as a key marker of the cancer stem cell subpopulation in glioblastoma and various types of cancer (23) . Consistent with previous reports, SeBT cells exhibited increased expression levels of CD133, SOX2 and OCT4 compared with control and SBT cells. Although it remains unclear why KLF4 expression was decreased in SeBT cells, this reduction may involve the enhanced invasive capability of SeBT cells (34) . Cancer stem cells and normal stem cells have been reported to form spheres at increased efficiency compared with differentiated cells (35) . The present results obtained from a sphere formation assay demonstrated that SeBT cells were able to form larger spheres compared with control and SBT cells, indicating additional phenotypic changes caused by sequential treatment with low-dose Bix. In conclusion, the results of the present study indicate that SeBT cells induce distant invasion and metastasis through mediation of EMT-promoting markers and that these effects regulate cancer stem cell characteristics in glioblastoma. These findings suggest that SeBT-induced invasion/migration and/or cancer stem cell formation may be major factors contributing to the failure of chemotherapy in glioblastoma patients.
